Introduction
DNA is subject to a variety of damage caused by environmental assault and endogenous agents. DNA bases are subject to deamination by hydrolytic or oxidative reactions due to the reactivity of the exocyclic amino groups [1] [2] [3] . Cytosine (C), guanine (G), adenine (A), and 5-methylcytosine (mC) can be deaminated to generate uracil (U), hypoxanthine (I), xanthine (X), and thymine (T), respectively. Because of the amino to keto conversion, base deamination alters the hydrogen bonding properties of the damaged bases from a hydrogen bond donor to a hydrogen bond acceptor. Consequently, mutations can be generated during DNA replication. Uracil may also appear in DNA as an A/U base pair due to misincorporation of dUTP into the genome by DNA polymerase.
Uracil DNA glycosylase (UDG) initiates the base excision repair (BER) for the repair of uracil or other types of base damage. At least six families are identified in UDG superfamily. Family 1 uracil N-glycosylases (UNGs), which are common in bacteria and eukaryotes, show rather narrow specificity toward uracil and its derivatives [4, 5] . Family 2 MUG/TDG enzymes, also found in bacteria and eukaryotes, have much broader specificity with some members showing activity toward all deaminated bases [6] [7] [8] [9] . Human TDG is now known as part of the demethylation system due to its DNA glycosylase activity for formyl-C (fC) and carboxyl-C (caC) [10, 11] , indicating a functional transition beyond DNA repair. Family 3 SMUG1 enzymes, found in vertebrates and bacteria, are known as UDGs and xanthine DNA glycosylases (XDG) [12, 13] . Family 4 UDGa enzymes, found in bacteria and archaea, have a narrow substrate specificity toward uracil [14] . Family 5 UDGb glycosylases, also found in bacteria and archaea, can act on uracil, hypoxanthine (deamination product of adenine), xanthine (deamination product of guanine), and other base derivatives [15] [16] [17] [18] [19] [20] . Family 6 enzymes, found in archaea, bacteria, and eukaryotes, are known for their predominant hypoxanthine DNA glycosylase (HDG) activity [21] .
As first discovered in Escherichia coli back in 1974, family 1 UNG is a prototypical DNA repair glycosylase in UDG superfamily [22] . Extensive investigations in E. coli, human and Herpes virus UNGs have revealed its active site organization, catalytic mechanism and roles in repair of cytosine deamination and removal of dUMP due to dUTP misincorporation in DNA [4, 5, 8, [23] [24] [25] . Structural, mutational, and biochemical studies demonstrate that family 1 UNG enzymes have evolved an elaborate mechanism for base damage recognition and glycosidic bond cleavage [4, 26] . For the uracil recognition, a pinch-push-pull mechanism is proposed, in which a proline-rich loop and a Gly-Ser loop are involved in initial pinching, causing the bending of the DNA backbone and facilitating the flipping of the uracil base; the Leu residue (L272 in human UNG) in the minor-groove intercalation loop (motif 2) pushes the uracil out of the helix by inserting into the original uracil space; the residues directly interacting with the flipped-out uracil in the base binding pocket serve the purpose of pulling. The chemical catalysis of the glycosidic bond requires water activation by an Asp residue (D145 in human UNG) in motif 1 and a His residue (H268 in human UNG) in motif 2 to act as a general acid to stabilize the leaving uracilate anion [4, 25] . Insights gained from studying family 1 UNGs have provided a framework and served as a reference for understanding other families in UDG superfamily. An interesting aspect of family 1 UNG research is the discovery of a protein mimicry of DNA, Ugi for uracil-DNA glycosylase inhibitor, in Bacillus phages PBS1 and PBS2 [27] [28] [29] [30] . Unlike regular DNA-based genomes, thymine is replaced by deoxyuracil in PBS2 genome [31] . To maintain viability in its Bacillus host, PBS2 genome encodes the ugi gene to inhibit the host UNG. Ugi is a potent inhibitor of UNG and it binds to UNG in a 1 : 1 stoichiometry [32, 33] . Structural analyses show that the Ugi protein forms a mimicry of DNA by inserting a phosphate backbone mimicking b-strand into the enzyme's DNA-binding interface, blocking the interaction between UNG and DNA [34] [35] [36] [37] . Ugi not only blocks the enzymatic activity of Bacillus UNG, it also inhibits family 1 UNG from other species including human UNG [34, 35, 38] . However, enzymes from other families in UDG superfamily are not inhibited by Ugi, suggesting a specific interaction between Ugi and family 1 UNG.
Nitratifractor salsuginis (Nsa) is nitrate-reducing chemolithoautotrophic bacterium isolated from a deepsea hydrothermal vent chimney in the Mid-Okinawa Trough in Japan [39] . In comparison with mesophilic enzymes, the mechanisms underlying the thermostability of thermostable enzymes isolated from extreme environment include a combination of increase of salt bridges, formation of disulfide bonds, and decrease of unfolding entropy [40] . In mining sequenced genome database, we identified a family 1 UNG homolog in Nsa genome. Here, we report characterization of Nsa UNG using a combined biochemical, structural, and enzyme kinetics approach. Using enzyme kinetic analysis, we found Nsa UNG as a robust UDG with narrow specificity. X-ray crystallographic analysis identified regions unique to Nsa UNG. Site-directed mutagenesis coupled with structural information allowed identification of catalytic residues common to other family 1 UNG enzymes and unique to Nsa UNG. Enzyme activity assays performed in the presence of Ugi indicated a complete lack of inhibition, a feature distinctly different from conventional family 1 UNG. The possible reasons for the lack of Ugi inhibition were explained in light of molecular modeling analysis.
Results
The predicted Nsa ung gene is 765 nucleotide long, which translates into 255 amino acids (Figs 1 and 2 ). In comparison, the prototypical E. coli UNG contains 229 amino acids. By SIAS analysis (http://imed.med.uc m.es/Tools/sias.html), the full-length Nsa UNG shares with E. coli UNG 24%, human UNG 21%, human herpes simplex virus 1 (HSV1) UNG 24% sequence identity and with E. coli 26%, human UNG 23%, HSV1 UNG 25% sequence similarity, respectively. As shown in Fig. 2 , compared with other traditional family 1 UNG enzymes, there are two major insertions in Nsa UNG labeled as region B and region C. However, like other typical family 1 UNG enzymes, Nsa UNG contains three important motifs that define the substrate specificity and catalytic activity (Fig. 1A) . Using fluorescently labeled DNA, we tested the DNA glycosylase activity on uracil (U)-, hypoxanthine (I)-, and xanthine (X)-containing substrates (Fig. 1B,C) . Similar to other family 1 UNGs, Nsa UNG did not show any activity to hypoxanthine and xanthine-containing substrates, it only exhibited quite robust enzymatic activity on U-containing DNAs, in particular in double-stranded U-containing substrates, in which the turnover was completed in the first time point (10 min) at optimized salt condition (Fig. 1D ,E,F). In the shorter time-course analysis carried out using a quench-flow apparatus, the reactions of doublestranded U-containing substrates were completed within 5 s (Fig. 1G) , demonstrating its robustness as a UDG. Similar to other family 1 UNG enzymes, Nsa UNG showed no activity toward thymine in a G/T base pair (data not shown).
Even though Nsa UNG contains three catalytically important motifs, the sequences within the motifs show some distinct differences between Nsa UNG and E. coli UNG. Moreover, in comparison with E. coli, human and herpes simplex virus 1 (HSV1) UNGs, Nsa UNG possesses insertions (region B and region C) and deletions (region E) in several regions outside of the catalytic motifs (Fig. 2) . To understand the structural differences between Nsa UNG and other previously studied UNG enzymes, we solved crystal structures of the WT enzyme (PDB 5X3G) and the Y81G mutant (PDB 5X3H). Initial attempts to solve the enzyme structure using molecular replacement were not successful. Therefore, the single-wavelength anomalous dispersion (SAD) method was employed to solve the WT structure, using selenomethionine as the anomalous scatterer. The finished model of the wild-type enzyme contains 249 residues (T7-R255). The space group belongs to the P2 1 2 1 2 space group and the SeMet crystal diffracted to a high resolution of 2.02 A with 99.4% completeness ( Table 1 ). The final model also contains 111 water molecules. All the residues are in good geometry with no residues falling in the Ramachandran outlier region. The wild-type Nsa UNG structure showed a central parallel four-strand b-sheet surrounded by a-helices on each side (Fig. 3A,B,C) .
A DALI search revealed several homologs that shared structural similarity with Nsa UNG, and the top three homologs are HSV1 UDG in complex with an inhibitor protein P56 (PDB 4L5N), UDG from cod in complex with the proteinaceous inhibitor Ugi (PDB 4LYL), and UDG from HSV1 in the apo form (PDB 1LAU). The RMSD is 2. 45 A over 188 Ca atoms between Nsa UNG and the closest structural homolog HSV1 UNG. Although the general fold of the enzymes is well preserved, quite a few regions in Nsa UNG display relatively large structural variations. In region A, the deletion of four amino acids resulted in a shorter a-helix in Nsa UNG (Figs 2 and 3D) . In region B, the 12-residue insertion encompassing R98-A113 formed a longer loop and an extra helix (a4; Figs 2 and 3D) . In region C, the 18-residue insertion covering G128-S150 formed a long loop with the extra a6 helix in the middle (Figs 2 and 3D ). Also, in motif 2, the Nsa UNG has a longer helix but shorter loop compared with human UNG (Region D). However, the C terminus of Nsa UNG (Region E) is much shorter, as compared with the loops formed in other UDGs. Additionally, the axes of several helices of Nsa UNG (a2, a3, a8, and a10) point to different directions other than the consensus directions displayed by its homologs. These local structural variations together contribute to the relative large RMSD value and explained the failure to obtain the solution by molecular replacement.
The structural and sequence alignments clearly indicate distinct differences between Nsa UNG and conventional family 1 UNG. To understand how these differences impact the glycosylase function, we conducted a series of mutational and enzyme kinetic analyses. We initially deleted the extra region B and region C separately to test its effect on glycosylase activity. The purified proteins of the deletion mutants were shown in Fig. 4A . Neither deletion B (del101-112) nor deletion C (del130-147) showed any glycosylase activity (Fig. 4B) . These results suggest that although regions B and region C are not found in conventional family 1, they are essential for Nsa UNG's enzymatic function. The extra secondary structures in regions B and C may be needed for the integrity of Nsa UNG's structure. To examine this possibility, we took a closer look at regions B and C. Spatially, these two regions are next to each other (Fig. 3D) . Interestingly, the side chain of R96 in region B forms a 2.0-A salt bridge with E109 of a4; the side chain of Q137 in region C forms a 2.9-A hydrogen bond with the main chain of L106; and the side chain of F101 in region B stacks onto the side chain of K145 in region C (Fig. 3E) . These inter-
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regions interactions may stabilize the Nsa UNG's structure. The catalytic mechanism in family 1 UNG is extensively investigated through biochemical, structural, and chemical studies [25] . The general theme is that a uracil base is contacted by the main chain of the Gln residue in motif 1 (Q in GQDP, Q78 in Nsa UNG), the side chain of the first His residue in motif 2 (H230 in 
. Nsa. Nsa UNG), and the side chain of the first Asn in motif 3 (N168 in Nsa UNG), in which the His residue serves as a general acid to promote the departure of the uracilate anion leaving group to form an oxocarbenium intermediate in a S N 1 mechanism. The Asp residue in motif 1 (D in GQDP, D79 in Nsa UNG) acts as a general base to activate a water molecule for the hydrolysis of the N-glycosidic bond. These four amino acid residues are invariant in Nsa UNG and spatially are located in the similar orientation toward uracil (Fig. 3C ). We measured kinetic constants of Q78E, D79G, N168A, and H230A using G/U substrate. Because the catalytic activity in some of the mutants was much reduced, which did not allow determination of kinetics using conventional steady-state approach, we determined K m and k 2 values using the methods as previously described (Table 2 and Fig. 5 ) [41] [42] [43] . In some cases, the individual K m or k 2 values of the mutants could not be determined due to a very high K m that did not allow for saturation of the substrate (a straight line in Fig. 5B ). Q78E did not retain any glycosylase activity (Table 2 ). D79G had a relatively small effect on K m but the k 2 value was reduced by over 17 000-fold, resulting in a 75 000-fold difference in k 2 /K m (Table 2 ). However, N168, which interacts with N3 and O4 of uracil, lost substantial binding affinity to the substrate by an alanine substitution (N168A), resulting in a k 2 /K m that was a million-fold lower than the wild-type enzyme (Table 2 ). H230A mutation increased the K m value by 32-fold and reduced the k 2 value by close-to-six-thousand-fold (Table 2 ). This is consistent with the catalytic role played by the same residue in family 1 UNG enzymes. In addition to the four invariant catalytic residues, motif 1 in Nsa UNG also contains several other conserved residues (Fig. 1A) . Given the role of motif 1 in protein-DNA interactions, we generated a model of Nsa UNG-DNA by superimposing apo Nsa UNG onto DNA-bound hUNG (PDB 1EMH; Fig. 6 ). For comparison, the complex structure of hUNG is shown in Fig. 6B and the superimposition of the two is shown in Fig. 6C . A close examination of the protein-DNA interface revealed that the side chain of R83 was located in close proximity to the DNA phosphate backbone, allowing a direct interaction with the phosphate 5 0 to the deoxyuridine (Fig. 6A,D) . More interestingly, the side chain of R83 also formed a salt bridge with the invariant D94 (Fig. 6D) . The side chain of D94, in turn, was stabilized by a hydrogen bond with the side chain of S86 (Fig. 6D) . In comparison, the corresponding positions in hUNG are occupied by G149, S159, and Q152, respectively (Fig. 6B) . The lack of a functional side chain in G149 does not allow any interaction with the DNA backbone. Accordingly, we tested the mutational effects of P82, R83G, D94A, and S86A on the glycosylase activity. P82 is conserved in this group of UNG enzymes (Fig. 1A) . Substitution of P82 with histidine, the residue commonly found in conventional family 1 UNGs, caused more than 10-fold increase in K m and 300-fold reduction in k 2 (Table 2) . Evidently, both R83G and D94A affected the K m substantially (Table 2 ). S86A lowered the binding affinity by less than four-fold as judged by K m values, which is consistent with its supporting role to the salt bridge. While S86A and D94A reduced the k 2 /K m value by three and four orders of magnitude, respectively, R83G decreased it by six orders of magnitude (Table 2) . This is consistent with the role of R83, which directly interacts with the backbone. Both the sequence and structural comparisons suggest that the salt bridge network is a unique feature of Nsa UNG enzyme. The extra positive charge and the R83-mediated salt bridge are consistent with a K m of 27 nM in Nsa UNG as compared with a K m of 169 nM in hUNG (Table 2 and Fig. 5 ). To better understand the role of the networked interactions on R83-mediated DNA backbone interactions, we performed molecular dynamics simulations of the S86A and D94A mutants along with the Nsa UNG-WT (Fig. 6E,F,G) . Consistent with the kinetic analysis, the R83-DNA interaction had the highest probability at 2.7 A for the S86A mutant as compared with the highest probability at 2.6
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A for the wild-type enzyme (Fig. 6E,F) . However, the R83-DNA interaction had the widest distribution with an average distance of 
4.2
A for the D94A mutant, resulting in a dramatic change in binding affinity and catalytic activity (Fig. 6E,G) . We also performed molecular dynamics simulations of the P82H to understand its effect on the salt bridge. Once P82 is substituted by His residue, R83 is no long consistently kept in close proximity to the phosphate backbone (Fig. 6H,I ,J), which results in three orders of magnitude reduction in k 2 /K m value (Table 2) . These data indicate an evolution of an elaborate salt bridge network.
Family 1 UNG differs from other families in having a Tyr residue in GQDPY of motif 1 (Fig. 1A) . Other families contain a Gly residue in this position. We changed Y81 to Gly and found Y81G was catalytically inactive against uracil-containing substrate or thymine in a G/T base pair. This result suggests that even though a Gly residue exists in other families, it was not compatible with family 1 UNG enzymes. To understand the structural impact of Y81G that may influence its enzymatic function, we solved the crystal structure of apo-Y81G protein, by molecular replacement using the WT structure as the search probe (Fig. 7A) . The Y81G protein was solved at a lower resolution, but the structure is essentially the same (Fig. 7B) . However, its space group changes to P2 1 with two molecules present in the asymmetric unit, although the crystals were grown under an identical condition. The RMSD between WT and Y81G is 0.3-0. 4 A over 246 aligned Ca atoms. Therefore, except for slight rearrangements for a couple of 3 10 helices (g3 and g6), the Y81G point mutation causes very few structural changes. We have encountered a similar scenario during our structural characterization on Phe SMUG2. When we introduced the G65Y mutation, the resulting structure of the mutant is highly similar to that of the WT enzyme [44] .
The overall structure of Nsa UNG-Y81G is shown in Fig. 7A and the superimposition with the Nsa UNG-WT is shown in Fig. 7B , highlighting the difference in Y81 and Y81G. Overall, the two structures deviate little in the backbone arrangement. We then closely compared the subtle differences between the two structures. The first notable difference is that the Y81 forms a hydrogen bond with the main chain of F92, whereas the Y81G loses this interaction (Fig. 7C ). The second difference is that the side chain of R83 in Nsa UNG-Y81G is invisible, suggesting that it does not form a stable salt bridge with D94 (Fig. 7C ). The final difference is that the E109, which forms a salt bridge with R96 in Nsa UNG-WT, is oriented differently in Nsa UNG-Y81G. As a result, the salt bridge is disrupted, which may affect protein-DNA interaction or structural stability (Fig. 7C) . These subtle changes associated with Y81G substitutions may lead to the loss of glycosylase activity. Because a Tyr in this position is unique to family 1 UNG enzymes, we subsequently examined the likely hydrogen bonding between the Tyr and the adjacent, highly conserved Phe residue. Indeed, human, E. coli and HSV1 UNG all contain a hydrogen bond (Fig. 8) .
The existence of the Tyr residue defines the narrow base recognition pocket, in which the access of thymine with a C5-methyl group is blocked by the bulky Tyr side chain. In human UNG, Y147A mutation causes over 1 000-fold reduction in UDG activity but gains a low-level activity on removal of a thymine base [45] . The hydrogen bond between the side chain of Y147 and the main chain of F158 may provide a strong interaction to enforce the rigidity of the base recognition pocket. In the case of Nsa UNG, the effect of Y81G is profound as the mutation causes loss of multiple interactions. As mentioned above, Ugi exclusively inhibits the glycosylase activity of family 1 UNG enzymes. Given the structural differences observed in Nsa UNG protein, we set out to test the potential inhibition by Ugi. To our surprise, Nsa UNG was not inhibited by incorporation of Ugi in the glycosylase assay in a 1 : 1 ratio, while hUNG was inhibited completely (Fig. 9A) . We then increased the Ugi concentration up to 1 : 1000 ratio but still did not observe any indication of inhibition (Fig. 9A) . To further confirm the lack of interactions between Nsa UNG and Ugi, we performed gel mobility analysis under nondenaturing conditions. As expected, hUNG was converted hUNG-Ugi complex while there was no indication that Nsa UNG formed a complex with Ugi (Fig. 9B) . The potential structural explanation for complete lack of Ugi inhibition will be discussed later.
Discussion
Uracil DNA glycosylase is ubiquitous in nature with homologs distributed in all three domains of life: bacteria, archaea, and eukaryotes. UDG superfamily contains six families with different specificity and catalytic mechanisms. Family 1 UNG enzymes found in bacteria and eukaryotes are the most extensively studied. The readily available information from sequenced genomes provides a rich source to investigate the diversity of the UDG universe. Nsa UNG occupies a unique niche in UDG superfamily, even though the distribution of this type of family 1 UNG appears to be limited. Among the sequenced genomes available so far, we only found three Nsa UNG homologs in Sulfurovum sp. NBC37-1, Sulfurospirillum arcachonense, Sulfurovum lithotrophicum isolated from a deepsea hydrothermal vent chimney in the Mid-Okinawa Trough in Japan. Nitratifractor, Sulfurovum, and Sulfurospirillum are closely related as they all belong to Class of epsilonproteobacteria. Among the four homologs, Nsa UNG shares 48-60% sequence identity with the other three homologs. In addition, all four homologs contain the insertions seen in regions B and C, suggesting that they share high degrees of global sequence and structural conservation that differentiate them from conventional family 1 UNG enzymes.
Besides the global structural differences revealed by sequence and structural comparison, Nsa UNG Table 2 ). These results underscore the critical role that the nonspecific interaction plays in maintaining Nsa UNG's glycosylase activity.
Nature appears to have evolved an elegant network of interactions to support this important backbone interaction by having R83 sandwiched by two rigidifying Pro residues and stabilized by a salt bridge with the negatively charged D94, and by forming a strong hydrogen bond between S86 and D94 (Fig. 6) . The evolution of the salt bridge network may be related to N. salsuginis' adaption to its deep-sea living environment. It is well known that salt can weaken protein- DNA interactions. It is also known that ionic interactions help stabilize halophilic proteins [46] . The salt bridge network seen in Nsa UNG may be needed to stabilize its structure and facilitate its interaction with DNA.
The second unique feature of Nsa UNG is its complete lack of inhibition by Ugi. To understand the possible structural differences accounted for the effect on Ugi inhibition, we compared the Ugi interaction interfaces of Ugi UNG and hUNG (Fig. 10A,B,C) . Notably, in the region highlighted in a yellow box, the extended loop in Nsa UNG may collide with the Ugi, while the shorter loop in hUNG ensures surface complementarity (Fig. 10A,B,C) . However, in the region highlighted in a red box, that hUNG has a relatively longer loop protruding into the concave surface of Ugi while the shorter loop in Nsa UNG may prevent its proper interactions with Ugi (Fig. 10A,B,D,E,F) . As a consequence, Ugi fails to inhibit Nsa UNG as it does for conventional family 1 UNG enzymes. To further explain the lack of Ugi inhibition, molecular dynamic simulations was performed and the free binding energy between Nsa UNG/ human UNG and Ugi was calculated using the MM/ PBSA method [47] . The results showed the binding free energy (4.13 AE 2.19 kcalÁmol À1 ) between Nsa UNG and Ugi is much larger than that (À54.91 AE 1.98 kcalÁmol
À1
) between human UNG and Ugi that might explain why Nsa UNG fails to interact with Ugi.
In summary, this study presents an unconventional family 1 UNG from N. salsuginis. Despite of the conservation of several key catalytic residues, Nsa UNG exhibits certain unique structural properties to interact with the DNA backbone. The evolution of a strong and well-positioned ionic interaction with the phosphate backbone is unseen in any other glycosylases in the UDG superfamily. More functional adaptation may be seen as we continue to explore the sequence and structural space in UDG superfamily.
Experimental procedures
Cloning, site-directed mutagenesis, expression, and purification of Nsa UNG The Nsa ung gene from N. salsuginis strain E9I37-1 (DSM 176511; GenBank accession number: YP_ 004167197.1) was amplified by PCR using the forward primer NsaUNG F (5 0 -GGGAATTCCATATGACCA ATAACAAATAC-3 0 ; the NdeI site is underlined) and the reverse primer NsaUNG R (5 0 -CCGCTCGAG TCTTTT GAGCAGCAGGTC-3 0 ; the XhoI site is underlined). The PCR reaction mixture (50 lL) consisted of 20 ng N. salsuginis genomic DNA, 500 nM forward and reverse primers, 19 Phusion DNA polymerase buffer, 200 lM each dNTP and 0.2 unit of Phusion DNA polymerase (New England Biolabs, Ipswich, MA, USA). The PCR procedure included a predenaturation step at 98°C for 30 s; 30 cycles of three-step amplification with each cycle consisting of denaturation at 98°C for 15 s, annealing at 65°C for 20 s, and extension at 72°C for 40 s; and a final extension step at 72°C for 3 min. The PCR product was purified by gel DNA recovery kit (Generay, Shanghai, China). The purified PCR product and plasmid pET21a were digested by NdeI and XhoI, purified by gel DNA recovery kit, and ligated according to the manufacturer's instructional manual. The ligation mixture was transformed into E. coli strain HB101 competent cells by electroporation. The sequence of the Nsa UNG gene in the resulting plasmid (pET21a- NsaUNG) was confirmed by DNA sequencing. The resulting plasmid with wild-type Nsa UNG was used as the template plasmid for all other Nsa UNG mutants. Amplification of the mutant DNA and DpnI mediated site-directed mutagenesis procedures were modified as previously described by using primers carrying the desired mutations [48] . The primers used for mutant construction was listed in Table S1 . Briefly, PCR mixtures (25 lL) contained 10 ng of pET-21a (+)-NsaUNG as a template, 65 nM of each primer pair, 200 lM each dNTP, 19 Phusion PCR polymerase buffer, and 1 unit of Phusion DNA polymerase. The PCR procedure included a predenaturation step at 98°C for 2 min; 25 cycles of three-step amplification with each cycle consisting of denaturation at 98°C for 30 s, annealing at 55°C for 30 s and extension at 68°C for 5 min; and a final extension step at 68°C for 10 min. After treatment with two units of DpnI for 1 h at 37°C, 5-lL PCR products were transformed into E. coli DH5a competent cells. For construction of deletion mutants, the traditional overlap PCR method was used as described previously [43] . Successful mutant in the resulting clones was confirmed by DNA sequencing. The pET21a-NsaUNG wt and mutants were transformed into E. coli strain BH214 (ung À , mug À ) by the standard protocol to express the C-terminal His-6-tagged Nsa UNG protein. Induction, sonication, and purification were carried out as previously described with modification [21] . Briefly, after HisTrap column purification, fractions of the eluate containing Nsa UNG were pooled, dialyzed in the buffer containing 20 mM Tris/HCl (pH 7.2), 40 mM NaCl and 1 mM Crystallization, data collection, and structure determination
The initial screens for NSA UNG crystals were manually set up using the sitting-drop vapor-diffusion method, with crystal screens I and II and the index screen (Hampton Research, CA, USA). The sample was mixed with the well solution in 1 : 1 ratio (v/v). The SeMet-labeled wild-type protein and the native G65Y mutant were crystallized under the same condition, with the SeMet-labeled sample being kept in a reducing environment throughout. The final optimized crystallization condition is 10% poly(ethylene glycol) 3350, 0.1 M HEPES pH 7.0, 5% glycerol. All crystals were flash frozen in liquid nitrogen after being soaked in a cryoprotectant containing all the reservoir solution components supplemented with 20% glycerol (v/v). X-ray diffraction data were collected using beamlines 17U1 (BL17U1, Y81G dataset) and 19U1 (BL19U1, WT dataset) at the Shanghai Synchrotron Radiation Facility (SSRF, Shanghai, China). The complete SAD dataset of the SeMet-labeled WT crystals was collected at the peak position of SeMet (0.979 A). The diffraction images were processed using HKL3000 [49] and determined with the software package Crank2 [50] . One molecule of NSA UNG was predicted to be present in the asymmetric unit, with the space group P2 1 2 1 2 1 . After the determination of the SeMet sites, density modification was carried out until an interpretable map was obtained. The model-building and refinement were carried out based on the initial model from SAD phasing by Coot and Phenix.refinement [51, 52] . The final model containing six SeMet residues was validated by Molprobity [53] . The structure of the Y81G mutant was obtained using molecular replacement with the WT structure as the search model. All the data collection and refinement statistics are presented in Table 1 .
Oligodeoxynucleotide substrates
Oligodeoxynucleotides containing deoxyuridine (U), deoxyinosine (I), and deoxyxanthosine (X) were obtained or constructed as previously described [13] .
DNA glycosylase activity assay DNA glycosylase cleavage assays for Nsa UNG were performed at optimized temperature 60°C for 60 min in a 10 lL reaction mixture containing 10 nM oligonucleotide substrate, 100 nM Nsa UNG, 20 mM Tris/HCl buffer (pH 7.5), 350 mM KCl, 1 mM DTT, and 1 mM EDTA. The resulting abasic sites were cleaved by incubation at 95°C for 5 min after adding 1 lL of 1 N NaOH. The reaction mixtures (2 lL) were mixed with 7.8 lL Hi-D formamide and 0.2 lL GeneScan 500 LI Size Standard and analyzed by Applied Biosystems (Foster City, CA, USA) 3130xl genetic analyzer with a fragment analysis module. Cleavage products and remaining substrates were quantified by GENEMAPPER software (Applied Biosystems).
Enzyme kinetic analysis
Uracil DNA glycosylase assays were performed at optimized condition with 10 nM G/U substrates with enzyme in excess ranging from 50 nM to 2000 nM. Samples were collected at 0.01, 0.05, 0.1, 0.2, 0.5, 1, and 2 s for Nsa UNG-WT using a rapid quench-flow apparatus as described below. Samples of Nsa UNG mutants were collected at 10 s, 30 s, 1 min, 2 min, 5 min, and 10 min manually. The apparent rate constants for each concentration were determined by curve fitting using the integrated first-order rate Eqn (1) :
where P is the product yield, P max is the maximal yield, t is the time, and k obs is the apparent rate constant. The kinetic parameters k 2 and K m were obtained from plots of k obs against the total enzyme concentration ([E 0 ]) using a standard hyperbolic kinetic expression with the program GRAPHPAD 6 following the Eqn (2) [42] .
For some mutants with a large K m in which K m >> [E 0 ], the kinetic parameter k 2 /K m values were obtained from plots of k obs against total enzyme concentration ([E 0 ]) using a linear regression with program GRAPHPAD 6 following Eqn (3) [41] .
Rapid chemical quench-flow measurements
The short time-course DNA glycosylase assays as shown in Fig. 1 were performed at 60°C in reaction buffer [20 mM Tris/HCl buffer (pH 7.5), 350 mM KCl, 1 mM DTT, and 1 mM EDTA] with 10 nM DNA substrates and 100 nM Nsa UNG protein using a Rapid Quench Flow (RQF-3; KinTek Corporation, Snow Shoe, PA, USA). Reactions were initiated by mixing equal volumes (~50 lL) of the 10-nM FAM-labeled substrate and 100-nM enzyme solution. At time points between 0 and 5 s, the reactions were quenched with 0.1 M NaOH delivered from the quench syringe.
Molecular modeling
The crystal structure of Nsa UNG-WT was used as a model for subsequent computational analysis. A structure of DNA with a flipped-out pseudouracil base was extracted from the crystal structure of family 1 human UNG-DNA complex (PDB 1EMH) [4] using the Swiss-Pdb Viewer (SPDBV) program [54] . The Nsa UNG-WT structure was superimposed upon the hUNG-DNA crystal structure (1EMH) using VMD 1.9.2 [55] . Removal of the hUNG protein coordinates resulted in a model of Nsa UNG bound to DNA. Nsa UNG-S86A and Nsa UNG-D94A mutants complexed with DNA were constructed using the mutation tool in the Swiss-Pdb Viewer program and the 'best rotamer' was chosen with the lowest clash score.
Molecular dynamics simulations
After building the initial complex structures, an explicit solvent system using the TIP3P water model was constructed in the VMD 1.9.2 using a suitably sized box. The minimum distance between any of the atoms of the solvated Nsa UNG-DNA complex and the box boundary was maintained to at least 9 A. Potassium chloride ions were added to the system to achieve an electrically neutral system and the concentration was set to 350 mM. The CHARMM 27 all hydrogen force field for proteins [56] and nucleic acids [57] were used. Particle-mesh Ewald summation [58] was applied in the periodic boundaries condition for the efficient calculation of long-range electrostatic interactions. Energy minimization was performed by using 8000 steps to remove any unfavorable van der Waals clashes while minimally perturbing the original modeled structure. Using a Langevin barostat [59] , an isothermalisobaric ensemble (NPT) was constructed in NAMD program [60] and the system was heated gradually from 100 to 333 K over a period of 400 ps. An integration time step of 1 fs was used in order to avoid any significant structural deformation during heating, equilibration, and production runs. Coordinates were saved every 2 ps. Calculated RMSD demonstrated that the trajectories have stabilized in 5 ns for each simulation (data not shown). Thus, a total of 5 ns equilibration followed by 7 ns production simulation were performed for each structural analysis. VMD 1.9.2 was used for visualization.
Supporting information
Additional Supporting Information may be found online in the supporting information tab for this article: Table S1 . Primers used for the construction of Nsa UNG mutants.
